Cyclooxygenase-2 (COX-2) oxygenates arachidonic acid and the endocannabinoids 2-arachidonoylglycerol (2-AG) and arachidonoylethanolamide (AEA). We recently reported that (R)-profens selectively inhibit endocannabinoid oxygenation but not arachidonic acid oxygenation. In this work, we synthesized achiral derivatives of five profen scaffolds and evaluated them for substrate-selective inhibition using in vitro and cellular assays. The size of the substituents dictated the inhibitory strength of the analogs, with smaller substituents enabling greater potency but less selectivity. Inhibitors based on the flurbiprofen scaffold possessed the greatest potency and selectivity, with desmethylflurbiprofen (3a) exhibiting an IC 50 of 0.11 μM for inhibition of 2-AG oxygenation. The crystal structure of desmethylflurbiprofen complexed to mCOX-2 demonstrated a similar binding mode to other profens. Desmethylflurbiprofen exhibited a half-life in mice comparable to that of ibuprofen. The data presented suggest that achiral profens can act as lead molecules toward in vivo probes of substrate-selective COX-2 inhibition.
C yclooxygenase-2 (COX-2) is a molecular target for nonsteroidal anti-inflammatory drugs (NSAIDs). It generates prostaglandin-H 2 (PGH 2 ), PGH 2 -glyceryl ester (PGH 2 -G), and PGH 2 -ethanolamide (PGH 2 -EA) from arachidonic acid (AA) and the endocannabinoids 2-arachidonoylglycerol (2-AG) and arachidonoylethanolamide (AEA), respectively ( Figure S1 of the Supporting Information). 1, 2 Metabolism of PGH 2 generates PGs that function in inflammation, vascular homeostasis, and gastric cytoprotection. 3, 4 The biological functions of the PG derivatives of PGH 2 -Gs and PGH 2 -EAs are largely unknown, but they have been implicated in unique roles in macrophages, tumor cells, and neurons. 5, 6 In addition to serving as precursors to PG esters and amides, 2-AG and AEA act as agonists of the cannabinoid (CB 1 and CB 2 ) receptors. 7 CB 1 receptors have primarily been studied for the analgesic, locomotor, and temperature regulatory effects. Additionally, CB 1 and CB 2 receptors are involved in neuroprotection, modulation of inflammation, and carcinogenesis. 8−10 Thus, COX-2 oxygenation of 2-AG and AEA may lower cannabinoid tone by reducing the concentrations of endocannabinoids and may generate new bioactive lipids by increasing the concentrations of PG esters and amides. 11, 12 Our laboratory discovered that rapid, reversible inhibitors of COX-2, such as ibuprofen and mefenamic acid, are significantly more potent inhibitors of 2-AG and AEA oxygenation than AA oxygenation. 13 These "substrate-selective" inhibitors bind in one active site of the COX-2 homodimer and alter the structure of the second active site so that 2-AG and AEA oxygenation is inhibited but AA oxygenation is not. 14, 15 Inhibition of AA oxygenation requires rapid, reversible inhibitors to bind in both active sites. Inhibitor binding in the second active site requires much higher concentrations than binding in the first active site, which gives rise to the phenomenon of substrate-selective inhibition. More recent work from our laboratory has shown that (R)-enantiomers of the arylpropionic acid (profen) class of NSAIDs, which were considered to be inactive as COX inhibitors, are substrate-selective. 16 Our goal is to develop an in vivo probe to determine the effects of blocking 2-AG and AEA, but not AA, oxygenation by COX-2. The (R)-profens are active in vitro and in intact cells but undergo unidirectional inversion to the (S)-enantiomers (which inhibit AA oxygenation) in vivo. The degree of inversion varies between species, with humans and rats subject to less inversion than that seen in mice; 17 this enantiomerization is an enzymatic process proceeding through an acyl coenzyme A thioester intermediate. 18 One approach to eliminate the observed inversion is to synthesize profen derivatives that lack a stereocenter. Herein, we describe the synthesis and in vitro evaluation of achiral NSAIDs based on five profen scaffolds that exhibit substrate-selective behavior (i.e., flurbiprofen, naproxen, ketoprofen, fenoprofen, and ibuprofen), with the most potent and substrate-selective inhibitors being further examined in activated RAW264.7 cells and evaluated for stability in animal models. 16, 19, 20 We synthesized three achiral derivatives of each profen scaffold by altering the substitution pattern at the methylbearing stereocenter to contain a desmethyl (two hydrogens), dimethyl (two methyls), or cyclopropyl (two methylenes) group (Figure 1 ). The synthetic route is outlined in Scheme 1 and described in detail in the Supporting Information.
Compounds 3a−e, 4a−e, and 5a−e were tested for their ability to inhibit the COX-2-dependent oxygenation of 2-AG and AA in vitro using a previously described method. 16 The IC 50 value for 2-AG oxygenation was determined for each compound. Since none of the compounds potently inhibited AA oxygenation, percent inhibition was determined at the highest concentration employed. Several interesting observations can be made from the data (Table 1) . First, it appears that inhibition of 2-AG oxygenation is dependent on the size of the substituents on the α-carbon, with smaller groups exhibiting higher potency. In general, desmethylprofens, 3a−e, had lower 2-AG IC 50 values than the dimethyl and cyclopropylprofens, 4a−e and 5a−e, respectively. Profens 4a−e and 5a−e possessed approximately equivalent IC 50 values against 2-AG, reflecting their similar steric bulk. Second, regardless of the substitution on the α-carbon, flurbiprofen derivatives exhibited the lowest 2-AG IC 50 values compared to the other profen scaffolds in the same class; these data are consistent with previous observations with α-methyl analogs. 16 Flurbiprofen derivative 3a has a 2-AG IC 50 value of 0.11 μM, significantly lower than the next best achiral inhibitor, 3e (0.5 μM). The ketoprofen scaffold was the next most potent, followed by the naproxen and then fenoprofen scaffolds. The achiral ibuprofen derivatives were the weakest inhibitors of 2-AG oxygenation, with the best ibuprofen-based inhibitor, 3c, possessing a relatively weak 2-AG IC 50 value of 5.5 μM. Third, the flurbiprofen scaffold offers the best substrate selectivity of the − (45%) 10 ± 9 5d
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4.1 ± 1.4 (75%) 10 ± 20 a IC 50 values were determined by incubating five concentrations of inhibitor and a solvent control in DMSO with purified murine COX-2 (40 nM) for 3 min followed by addition of 2-AG or AA (5 μM) at 37°C for 30 s. b Mean ± standard deviation (n = 6); dash (−) indicates <50% inhibition of 2-AG oxygenation at 10 μM inhibitor. Numbers in parentheses indicate maximum inhibition (when not equal to 100%) at 10 μM inhibitor. c % inhibition of AA oxygenation measured at 10 μM inhibitor. Mean ± standard deviation (n = 6). scaffolds evaluated. Each flurbiprofen derivative had lower or equal inhibition of AA oxygenation than the other derivatives in each class while also having a lower IC 50 for 2-AG. Finally, while every achiral compound besides 5a showed some inhibition of AA oxygenation, the desmethyl class of compounds was the only class where each inhibitor displayed greater than 5% AA inhibition. Within this class it appears that the gains in potency of 2-AG inhibition come at a cost of substrate selectivity.
Expanding upon our previous work with (R)-profens, 7a−c, we resolved the enantiomers of racemic fenoprofen and ketoprofen to determine their ability to act as substrateselective inhibitors in our in vitro assay. 16 (R)-Fenoprofen (7d) and (R)-ketoprofen (7e) possessed weak inhibitory effects on both 2-AG and AA oxygenation (Table S1 ). (S)-Fenoprofen and (S)-ketoprofen exhibited 2-AG IC 50 and percent AA inhibition values similar to those of racemic fenoprofen (6d) and ketoprofen (6e), respectively. These data suggest that the activity of the racemates originate from their (S)-enantiomers and demonstrate that a (R)-profen scaffold does not guarantee substrate selectivity.
Flurbiprofen derivatives 3a, 4a, 5a, and 7a were evaluated for their ability to selectively inhibit COX-2 dependent oxygenation of 2-AG over AA in intact cells ( Figure 2 ). RAW 264.7 macrophages were stimulated with lipopolysaccharide and interferon γ to generate endogenous sources of AA and 2-AG. Two hours after stimulation, varying doses of inhibitor were added to the cell media, and 6 h after stimulation, the media were collected and analyzed by LC-MS-MS for prostaglandin levels. The 2-AG IC 50 values in RAW cells for each achiral compound were 5-fold higher than the values found in the in vitro studies, while 7a displayed a 20-fold increase. Although <10% inhibition of AA oxygenation was observed for each achiral flurbiprofen derivative in vitro, significant inhibition was observed in RAW cells (60% AA inhibition for 3a, 40% for 4a, 55% for 5a). Of particular interest was the observation of AA inhibition by 5a, the only achiral derivative not to exhibit AA inhibition with purified COX-2.
Differences in substrate selectivity between in vitro and cellbased assays may be due to differences in the substrate concentration in cells compared to in an in vitro assay. 21 The concentration of AA in the microenvironment surrounding COX-2 molecules in cell membranes is unknown, but it may be lower than the concentrations used in our in vitro assay (5 μM).
We evaluated the pharmacokinetic properties of the two most potent and selective profens screened to date, 3a and 7a, in C57BL/6 mice. Animals (n = 4) received intraperitoneal (i.p.) injections of 10 mg/kg 3a or 7a in 4% DMSO/2% Tween 80 in saline at 0, 8, 24, 32, 48, and 56 h, with blood collected at 72 h. Plasma was analyzed for the dosed compound and, in the case of 7a, its stereoinversion product ((S)-flurbiprofen). When compared to 7a, 3a appeared to exhibit less metabolic stability. Sixteen hours after the last injection, 3a was not detected in mouse plasma, whereas 7a gave an average plasma concentration of 20 μM. The concentration of the stereoinversion product was 31 μM.
Mice underwent acute dosing of 3a at shorter time points to better estimate the compound's half-life in mouse plasma. Blood samples were collected at 1, 2, and 4 h after a single injection. Analysis of the resultant plasma levels revealed that the 1 h time point had an average 3a plasma concentration of 68 μM (n = 3) followed by concentrations of 50 (n = 2) and 6 μM (n = 3) at the 2 and 4 h time points, respectively. These data suggest that 3a possesses a half-life similar to that of ibuprofen (t 1/2 ≈ 2−3 h). 22 We utilized X-ray crystallography to study the interaction between achiral profens and COX-2. A complex of mCOX-2 and 3a, using a previously described crystallization procedure, diffracted to 2.81 Å (Figure 3 , Table S2 ). 16 The carboxylic acid of the ligand forms salt bridges with Arg-120 and Tyr-355. The biphenyl moiety of 3a is deeply buried into the hydrophobic channel and interacts with several residues, such as Val-349, Phe-381, Trp-387, Phe-518, Met-522, Val-523, and Leu-531.
When the crystal structures of (R)-flurbiprofen and 3a bound to mCOX-2 are overlaid, the two profens have the same general binding orientation in the mCOX-2 active site (0.24 Å rmsd, Figure S2 ). This orientation allows for the formation of a salt bridge with Arg-120, an interaction crucial for binding. 16, 23 Establishing the salt bridge with Arg-120 requires the carboxylic acid and α-carbon stereocenter of flurbiprofen to bind near the constriction site of the COX-2 binding pocket, a sterically congested region. Relief of this congestion is likely responsible for the increased inhibition of 2-AG oxygenation upon introduction of smaller substituents at the flurbiprofen αcarbon. Yet, there is a trade-off between potency and selectivity. Comparing the RAW cell data of 3a and 7a suggests that reducing the steric bulk at the α-carbon (i.e., converting the αmethyl group of 7a into the hydrogen present in 3a) increases potency for 2-AG and AA inhibition, resulting in less substrate selectivity. There appear to be favorable interactions promoting substrate selectivity that the more sterically demanding 7a can utilize, but are unavailable to the smaller 3a. The identity of these interactions remains unclear.
The data presented here lead us to several conclusions about achiral profen COX-2 inhibitors. First, achiral profens demonstrate substrate-selective behavior in vitro and in a cellular setting. Second, smaller α-carbon substituents (i.e., hydrogens) result in more potent but less selective inhibitors than more sterically demanding groups (i.e., dimethyl, cyclopropyl). Finally, inhibitor potency and selectivity are dependent on the profen's aryl scaffold, with some scaffolds (e.g., flurbiprofen) offering superior behavior relative to others (e.g., ibuprofen). In addition, our most potent compound, desmethylflurbiprofen (3a), possesses metabolic stability on par with that of ibuprofen. These results indicate that achiral profens can act as lead molecules for further development toward in vivo probes of substrate-selective COX-2 inhibition. 
